2؉ -regulated signal transduction modulator expressed in the vertebrate retina that has been implicated in visual adaptation. An intriguing feature of recoverin is a cluster of charged residues at its C terminus, the functional significance of which is largely unclear. To elucidate the impact of this segment on recoverin structure and function, we have investigated a mutant lacking the C-terminal 12 amino acids. Whereas in myristoylated recoverin the truncation causes an overall decrease in Ca 2؉ sensitivity, results for the non-myristoylated mutant indicate that the truncation primarily affects the high affinity EF-hand 3. The three-dimensional structure of the mutant has been determined by x-ray crystallography. In addition to significant changes in average coordinates compared with wild-type recoverin, the structure provides strong indication of increased conformational flexibility, particularly in the C-terminal domain. Based on these observations, we propose a novel role of the C-terminal segment of recoverin as an internal modulator of Ca 2؉ sensitivity.
Recoverin is a Ca
2؉ -regulated signal transduction modulator expressed in the vertebrate retina that has been implicated in visual adaptation. An intriguing feature of recoverin is a cluster of charged residues at its C terminus, the functional significance of which is largely unclear. To elucidate the impact of this segment on recoverin structure and function, we have investigated a mutant lacking the C-terminal 12 amino acids. Whereas in myristoylated recoverin the truncation causes an overall decrease in Ca 2؉ sensitivity, results for the non-myristoylated mutant indicate that the truncation primarily affects the high affinity EF-hand 3. The three-dimensional structure of the mutant has been determined by x-ray crystallography. In addition to significant changes in average coordinates compared with wild-type recoverin, the structure provides strong indication of increased conformational flexibility, particularly in the C-terminal domain. Based on these observations, we propose a novel role of the C-terminal segment of recoverin as an internal modulator of Ca 2؉ sensitivity.
Many biological processes are triggered or regulated by transient intracellular Ca 2ϩ signals. Because these signals elicit specific cellular responses, the precise detection of changes in cytoplasmic Ca 2ϩ concentration is a crucial step in many signaling pathways and requires sensing of Ca 2ϩ within very different concentration ranges. Ca 2ϩ -binding proteins work as intracellular Ca 2ϩ sensors and regulate their targets with high specificity and high spatial and temporal resolution. To achieve these remarkable tasks, Ca 2ϩ is recognized by specific amino acid sequence motifs, for example the C 2 domain and the EF-hand motif (1, 2) . These motifs can detect subtle changes in Ca 2ϩ concentration and allow a fine tuning of Ca 2ϩ signaling. However, it remains a challenging problem to understand at a structural level how minimal changes in cytoplasmic Ca 2ϩ are reliably detected.
The EF-hand superfamily of Ca 2ϩ -binding proteins includes, among others, the family of neuronal calcium sensor (NCS) 3 proteins (3), which are named because of their predominant expression in neuronal tissue. NCS proteins are grouped into five subfamilies and show a rather heterogeneous localization and function in the nervous system (4) . In the photoreceptor cells of the vertebrate retina, for instance, recoverin and several isoforms of guanylate cyclase activating protein (GCAP) detect changes in Ca 2ϩ concentration during or after illumination and regulate their target proteins in Ca 2ϩ -dependent feedback loops (5) .
Recoverin inhibits rhodopsin kinase at high cytoplasmic Ca 2ϩ concentration (6 -9) , a process that is thought to contribute to light adaptation of photoreceptor cells (9, 10) . Recoverin harbors a myristoyl group at its N terminus (11) , which is buried in a hydrophobic cleft in the Ca 2ϩ -free state (12) . Upon Ca 2ϩ binding to the two functional EF-hands (EF-hand 2 and EFhand 3) (13) the acyl chain is exposed to the solvent. This socalled Ca 2ϩ -myristoyl switch is a multistep process, in which the EF-hands are sequentially filled by Ca 2ϩ and recoverin undergoes a major conformational change (14 -17) . Interaction of recoverin with membranes occurs with low to moderate affinity and therefore appears to be driven mainly by hydrophobic forces (17, 18) . On the other hand, recoverin contains a remarkable cluster of basic residues at its C terminus, which have been suggested to provide the positive charges for an electrostatic interaction with the membrane (19) . Recently, solid state NMR studies on myristoylated recoverin attached to phospholipid bilayers revealed that the positive charges at the C terminus do not make contact with the membrane (20) . This apparent discrepancy could be resolved by assuming that the positively charged C terminus does not influence the membrane binding per se, but controls the Ca 2ϩ binding character-istics of the EF-hands. Consequently, all Ca 2ϩ -dependent properties of recoverin would depend on the presence of this portion of the protein.
In the present study, we address the impact of the charged C-terminal segment on structure and function of recoverin. To this end, we have determined the crystal structure of a truncated mutant lacking the C-terminal cluster of charged residues and compared it with available structures of wild-type recoverin (12, 15, 16, 21, 22) . Furthermore, we have investigated key biochemical properties of the mutant, such as Ca 2ϩ binding, association with rod outer segment (ROS) membranes and inhibition of rhodopsin kinase. Based on these data, we propose a novel function of the C terminus of recoverin as an internal modulator of EF-hand function.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The expression construct for the truncated bovine recoverin mutant Rc was generated by site-directed mutagenesis using the following oligonucleotide primers: 5Ј-TAATACGACTCACTATAGGG-3Ј and 5Ј-CTCCTTGGATCCTTAAGGCTCGAATTG-3Ј (containing stop codon and BamHI restriction site). The DNA fragment was inserted between the NcoI and BamHI sites of a pET11d plasmid vector. The integrity of the insert was checked by sequencing using an ABI PRISM 3100-Avant genetic analyzer.
Heterologous expression and purification of all myristoylated and non-myristoylated recoverin variants was performed and analyzed as described previously (17) . When necessary, recoverin forms were further purified by reversed phase high performance liquid chromatography using a Vydac 238TP C18 column (4.6 ϫ 250 mm) to obtain homogeneous myristoylated forms of wild type and mutant recoverin. Denatured protein (after elution from a reverse phase column) was refolded as described previously (23) . 45 Ca 2ϩ Binding Assay-Binding of 45 Ca 2ϩ to recoverin was investigated as described previously (17) . In summary, 43 M protein was dissolved in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl and 1 mM dithiothreitol and transferred to Centricon 10 devices (Amicon). Radioactive 45 CaCl 2 was added, the samples were centrifuged for 1 min (5000 rpm, tabletop centrifuge Biofuge pico, Heraeus) and radioactivity of the filtrate was counted (free Ca 2ϩ ). Next, non-radioactive CaCl 2 was added, and the centrifugation procedure was repeated. Protein-bound Ca 2ϩ versus free Ca 2ϩ was determined from the excess Ca 2ϩ in the protein sample over that present in the ultrafiltrate. Data were analyzed as described (17) .
Equilibrium Centrifugation Assay-Binding of recoverin to ROS membranes was investigated according to a published procedure (14, 17) . Briefly, 30 M recoverin was mixed with bleached urea-washed ROS membranes (50 M rhodopsin) and incubated at 30°C (Gnom, DNA-technology thermomixer, 1000 rpm) for 15 min in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 20 mM MgCl 2 , 1 mM DTT, 3 mM BAPTA and 0 -50 mM CaCl 2 (total volume 75 l). Membranes were separated by centrifugation (15 min, 14,000 rpm, Heraeus tabletop centrifuge), and the supernatant was removed. The pellet was analyzed by SDS-PAGE.
Surface Plasmon Resonance (SPR) Measurements-Binding of recoverin variants to immobilized liposomes was monitored by SPR spectroscopy. The immobilization of liposomes on sensor chip surfaces, recording of suitable controls and evaluation of SPR data have been described in detail (17, 18) .
Fluorescence Measurements-Thermal stability of recoverin variants was studied by recording the wavelength maximum ( max ) of tryptophan fluorescence emission at different temperatures essentially as described before (13) . Measurements were performed on a Cary Eclipse spectrofluorimeter (Varian Inc.), equipped with a Peltier-controlled cell holder. All spectra were corrected for the spectral sensitivity of the instrument and fitted to log-normal curves. Positions of max were obtained from these fits. Spectrofluorometric temperature scans were performed stepwise allowing the sample to equilibrate at each temperature. The average heating rate was 0.5°C/min. Temperature was monitored inside the cuvette. Protein concentration was 7-15 M. Measurements were made in 10 mM Hepes-KOH, pH 8.0 in the presence of either 1 mM CaCl 2 or 1 mM EDTA. Excitation wavelength was set to 280 nm.
Rhodopsin Kinase Assay-The kinase assay was performed as described before (22) . Briefly, the assay mixture in a final volume of 50 l contained 10 M rhodopsin (urea-washed ROS), 20 mM Tris-HCl (pH 7.5), 2 mM MgCl 2 , 1 mM [␥ 32 P]ATP (30 -100 dpm/pmol), 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.3-0.5 units of rhodopsin kinase. The respective recoverin variant and a Ca 2ϩ /bisaminobromo-phenoxyethane tetraacetate (BAPTA) buffer were added, as appropriate (17) . The reaction was initiated by addition of ATP and samples were incubated under continuous light for 10 min at 30°C. Incubation was terminated by adding 1 ml of 10% (w/v) trichloroacetic acid. The resulting precipitate was collected by centrifugation and washed 3-4 times with 1 ml of 10% trichloroacetic acid; the pellet was used for Cherenkov counting.
Crystallization of Rc -The protein was crystallized using the hanging-drop vapor diffusion method with a protein concentration of 30 mg/ml and the reservoir containing 2.4 M sodium malonate (pH 7.0) and 2 mM CaCl 2 . This condition yielded plate-shaped crystals with a half-circle profile and a maximum diameter of 300 -400 m.
Data Collection-The x-ray diffraction dataset was collected at 100 K. Prior to cryocooling, crystals were step-soaked in reservoir solution containing 5-15% (v/v) glycerol.
Native data were recorded at beamline ID14 -1 of the ESRF (Grenoble, France) tuned to a wavelength of 0.934 Å on an ADSC-Q4R detector. Because of the shape of the crystal, diffraction was extremely anisotropic, reducing the overall completeness of the dataset to ϳ85%. Data processing including reflections up to 3.0-Å resolution was carried out using MOSFLM (24) and SCALA, which is part of the CCP4 (25) software suite.
Structure Determination-Crystals of Rc belonged to space group P2 1 . The structure was determined by molecular replacement using MOLREP (CCP4) with a single native dataset. The search model was created from the crystal structure of wild-type bovine recoverin (PDB code 1OMR, Ref. 22 ) by deleting residues 191-202. Crystals were found to contain four molecules per asymmetric unit, related by a proper 4-fold non-crystallographic symmetry. Following rigid body refinement using the CNS package (26), the model was improved in an iterative manner including several cycles of positional refinement with CNS and manual rebuilding using O (27) . In this process, strict non-crystallographic symmetry was applied throughout, i.e. all four molecules were assumed to be identical. For statistics on data collection and refinement refer to Table 1 .
The final model comprises residues 9 -190 of the protomer. According to Ramachandran plots generated with PROCHECK (CCP4), the model exhibits good geometry with none of the residues in the disallowed regions. The figures were generated with MOLSCRIPT (28) and RASTER3D (29) using secondary structure assignments given by the DSSP (30) program. The atomic coordinates and structure factors (code 2HET) have been deposited in the Protein Data Bank.
RESULTS
A truncated version of bovine recoverin lacking 12 amino acids at its C terminus (Rc ) was heterologously expressed in Escherichia coli and purified to homogeneity from a bacterial cell extract. As expected, the purified protein showed an increased electrophoretic mobility in SDS-PAGE compared with the wild-type because of its lower molecular mass (not shown). Expression and purification of a myristoylated form of this mutant yielded preparations with the same high degree of purity. The extent of myristoylation was analyzed by reversedphase HPLC and was found to be more than 95%. Furthermore, the myristoylated Rc could be easily distinguished from the non-myristoylated protein by its slightly higher electrophoretic mobility. Homogeneous preparations of myristoylated and non-myristoylated recoverin variants were used to determine some of their key biochemical properties. Non-myristoylated Rc was subjected to crystallization trials. (Fig. 1A) . However, the mutant showed a significantly lower affinity for Ca 2ϩ indicated by a shift of the binding isotherm to higher free Ca 2ϩ concentration; half-saturation was at 31.3 Ϯ 4.2 M for the mutant (three independent determinations) and 15.5 Ϯ 2.1 M for wild-type recoverin (two independent determinations). In the absence of the myristoyl group, the same principle observation was made, i.e. Rc bound Ca 2ϩ with lower affinity and maximal stoichiometry was 2 Ca 2ϩ per Rc (Fig. 1B) . Binding of Ca 2ϩ to the non-myristoylated mutant was non-cooperative, and data were fitted according to the two-site model as it has been previously applied to non-myristoylated wild-type recoverin (17) . Interestingly, the low affinity EF-hand 2 of wild-type recoverin and of Rc display the same intrinsic affinity for Ca 2ϩ (K d2 ϭ 6.0 Ϯ 0.2 M), whereas the affinity of EF-hand 3 was more than 6-fold lower in Rc 
. These data show that EF-hands 2 and 3 are intact in the mutant, but that the C terminus influences the high affinity EF-hand 3.
Thermal Stability of Rc -To test whether the C-terminal truncation of recoverin might lead to a general destabilization of its structure, we compared the thermal stability of myristoylated wild-type recoverin and myristoylated Rc by recording the temperature dependence of tryptophan fluorescence in the presence and absence of Ca 2ϩ (Fig. 1C) . A change of the wavelength maximum of fluorescence emission ( max ) at increasing temperature indicates thermal unfolding of the protein (13) . Fluorescence emission of the mutant was slightly blue-shifted by 2 nm at temperatures below the transition point, which indicates small changes in the microenvironment of tryptophan residues caused by the removal of twelve C-terminal amino acids. At the same time, wild-type recoverin and the mutant Rc showed transitions from the folded to the unfolded state at the same temperature (Fig. 1C) . For the Ca 2ϩ -free forms, this transition occurred at lower temperature than for the Ca 2ϩ -loaded forms indicating that the Ca 2ϩ -loaded form of both recoverin variants is more stable. The overall thermal stability of the nonmyristoylated forms did not differ from the myristoylated forms; the max was slightly more shifted in the case of Ca 2ϩ -free recoverin, but the transition point was almost identical (not shown). These results demonstrate that the Rc 2-190 mutant does not differ from wild-type recoverin in thermal stability. The changes in Ca 2ϩ -affinity reported above do therefore not reflect a general destabilization of the mutant structure. However, we recognized that further shortening of the C terminus finally results in a thermally more unstable mutant, when more than 20 amino acids were deleted (data not shown).
Ca 2ϩ -dependent Binding of Rc to Membranes-The change in the affinity for Ca 2ϩ in myristoylated Rc suggested that the mutant should perform a Ca 2ϩ -myristoyl switch with a shift in the Ca 2ϩ dependence to higher free Ca 2ϩ concentration. To test this assumption, we analyzed the binding of myristoylated recoverin forms to native washed ROS membranes by an equilibrium centrifugation assay. Binding of the mutant to ROS membranes showed a more than 2-fold shift to a Values in parentheses refer to the highest resolution shell (3.16-3.00 Å).
, also termed redundancy-independent merging R factor (R r.i.m. ) (47) with I i,h representing the ith out of N h measurements and ͗I h ͘ the mean of all observations of I h . c For calculation of R free , 5% of all reflections were reserved.
higher Ca 2ϩ concentration, but finally reached the same maximal value as in the case of wild-type recoverin ( Fig. 2A) . In a second approach, we studied interaction of Rc with immobilized lipids using SPR spectroscopy (Fig. 2B) concentration caused the SPR signal of the truncated mutant to converge to the wild-type level (Fig. 2C, see dashed line) . Inhibition of Rhodopsin Kinase-Recoverin is known to inhibit rhodopsin kinase activity at high Ca 2ϩ concentration; this inhibitory effect is relieved when Ca 2ϩ is lowered thereby allowing the kinase to phosphorylate its substrate rhodopsin. From the results concerning the modified Ca 2ϩ sensitivity of Rc we predict that this mutant should be able to inhibit rhodopsin kinase, but with a shift in Ca 2ϩ dependence of the dose-response curve. We tested this assumption by measuring the phosphorylation of rhodopsin by rhodopsin kinase in the presence of Rc or wild-type recoverin as a function of free Ca 2ϩ (Fig. 3) . Again, the truncated mutant exhibited a change in its Ca 2ϩ sensitivity and inhibited rhodopsin kinase at higher Ca 2ϩ concentration.
Crystal Structure of Rc -The above experiments demonstrated that truncation of the C-terminal 12 amino acids of recoverin affected its Ca 2ϩ binding characteristics and, as a result, its Ca 2ϩ -dependent biochemical properties such as performance of the Ca 2ϩ -myristoyl switch and inhibition of rhodopsin kinase. In order to understand the molecular mechanisms underlying these functional alterations, we have crystallized the Rc 2-190 mutant and determined its three-dimensional structure by x-ray crystallography. Rc forms plate-shaped crystals of space group P2 1 with four molecules per asymmetric unit. These are positioned in a head-to-tail fashion around a 4-fold non-crystallographic axis (perpendicular to the xy plane) resulting in a toroidal assembly encompassing a wide central channel (Fig. 4A) . Crystallographic symmetry causes the tetramers to form layers parallel to the xy plane (two staggered layers per unit translation along z). This arrangement, which has not been observed before in crystal structures of NCS proteins, results in unique packing interactions, the structural implications of which are discussed below.
Crystallization of Rc was performed in the presence of 2 mM Ca 2ϩ . While the electron density indicated the presence of a Ca 2ϩ ion in EF-hand 3, the lower affinity EF-hand 2 turned out to be unoccupied. Therefore, like the crystal structure of wildtype recoverin (22) , our structure of Rc represents an intermediate state resulting from Ca 2ϩ binding to the high affinity EF-hand 3. The N-terminal 8 amino acids could not be located in the electron density and are thus likely to be disordered.
Superposition of the C ␣ traces of wild-type recoverin and the Rc 2-190 mutant (Fig. 4B ) reveals significant differences in sev- (22) obtained with non-myristoylated wild-type recoverin (K d1 ϭ 0.21 M and K d2 ϭ 6.2 M) and (f) are data points of an independent control experiment using non-myristoylated wildtype recoverin. C, thermal stability of the recoverin forms. The maximum of tryptophan fluorescence emission was recorded for myristoylated wild-type recoverin (filled symbols) and myristoylated Rc (open symbols) at increasing temperature. Measurements were made in the presence of 1 mM CaCl 2 (triangles) or 1 mM EDTA (circles).
eral regions (highlighted in red). Generally, the C-terminal 12 amino acid truncation leads to increased flexibility in its neighborhood. This is particularly evident for the loop connecting the N-and C-terminal domains (region III), which is well-ordered in the wild-type protein. In contrast, the corresponding portion in the mutant not only adopts a different conformation, but also exhibits strongly enhanced mobility, indicated by large B factors 4 and very weak electron density. For a plot of main chain B factors per residue (normalized to the mean B value of all main chain atoms) please refer to Fig. 5 .
Another part of the structure directly contacting the C terminus in the wild-type is the loop between EF-hands 3 and 4 (region IV, colored orange in Fig. 4B) . Interestingly, the changes in average coordinates because of the truncation are rather modest in this segment. While relative main chain B factors in region IV are similar for both proteins, several side chains have become extremely mobile in the Rc mutant as judged from the lack of electron density in difference maps.
The conformation of the EF-hand 2 loop in Rc (region II) differs from the corresponding loop in the wild-type in that it is bent in the opposite direction and thus resembles the structure of the Ca 2ϩ -occupied EF-hand 2 in myristoylated wildtype recoverin, as determined by NMR spectroscopy (15) . However, because our x-ray structure of Rc does not contain a Ca 2ϩ ion in EF-hand 2, this similarity is likely to be accidental, probably induced by the interaction of this loop with its noncrystallographic equivalent in an adjacent tetramer.
Another striking difference between the crystal structures of wild-type recoverin and the Rc mutant concerns the N-terminal ␣-helix and the loop connecting it to EF-hand 1 (region I). The helix is shifted in sequence (starting at Lys 11 
FIGURE 2. Ca 2؉ -dependent binding of myristoylated recoverin forms to ROS membranes (A) and to immobilized lipids (B).
A, binding of wild-type recoverin (F) was half-maximal at 3 M and binding of Rc (E) was halfmaximal at 7 M. B, SPR analysis of the interaction of wild-type recoverin and Rc with immobilized phospholipids. Recoverin forms were injected (black bar) into the SPR running buffer and time-dependent changes in resonance units (RU) were recorded as sensorgrams in the presence of 400 M Ca 2ϩ . Protein concentration was 30 M. C, normalized amplitudes (RU norm ) of Rc binding to immobilized lipids analyzed by SPR spectroscopy. Recordings were made at increasing Ca 2ϩ concentrations. The dashed line indicates the normalized amplitude obtained with wild-type recoverin. , for instance, increases from 5.8 Å in the wild type to 11.8 Å in the mutant. Despite the magnitude of the differences in this region their significance with respect to the truncation is unclear, so they will not be considered further.
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DISCUSSION
The C-terminal segment of recoverin is unusual in that it contains a high fraction of basic side chains (six lysine residues within the dodecapeptide 191 QKVKEKLKEKKL 202 in bovine recoverin). While the residues following Glu 189 could not be resolved in the NMR structures of myristoylated recoverin (12, 15, 16) , residues 190 -196 form an ␣-helix in the crystal structure of the non-myristoylated protein (21, 22) . The functional significance of this basic cluster has been subject to speculation. Matsuda et al. (19) compared the biological properties of the amphibian recoverin ortholog S-modulin and its cone paralog s26. Whereas S-modulin contains six basic residues in its C terminus, only two are present in the corresponding region of s26. The authors found that, at Ca 2ϩ saturation, equilibrium binding to ROS membranes was significantly stronger for S-modulin than for s26. In both cases, binding was increased for the myristoylated compared with the non-myristoylated protein, but this effect was largely reversed with the addition of NaCl. From these data and further experiments using chimeric proteins and site-directed mutants they concluded that binding to ROS membranes and thus rhodopsin kinase inhibition may be modulated by an electrostatic interaction of the C-terminal portion of the recoverin homologs with membrane lipids. Recently, the orientation of myristoylated wild-type recoverin bound to membranes has been determined by solid state NMR with wild-type recoverin (1OMR, gray) . The numbering refers to the regions defined in Fig. 4. spectroscopy (20) . Because the myristoyl moiety is buried in the lipid bilayer and the long axis of the molecule is inclined by approx. 45°with respect to the membrane normal, the C terminus is positioned at a distance of more than 30 Å from the lipid surface. Electrostatic attraction involving this region is therefore very unlikely to play a significant role in membrane association by recoverin, at least in the myristoylated state.
In the present study, we address the role of the C-terminal segment for the structure and function of recoverin. Like the wild-type protein, the Rc 2-190 mutant has been crystallized in the presence of a large excess of Ca 2ϩ , and both crystal structures contain a Ca 2ϩ ion bound to EF-hand 3. Investigation of 45 Ca 2ϩ binding to non-myristoylated Rc revealed that the truncation changed the intrinsic Ca 2ϩ affinity of EF-hand 3, whereas EF-hand 2 was unaffected (Fig. 1B) . On the other hand, the cooperativity of Ca 2ϩ binding is retained in the myristoylated mutant, leading to a shift of the entire binding isotherm toward higher free Ca 2ϩ concentration (Fig. 1A) . It should be noted that a comprehensive evaluation of the significance of the C-terminal segment would require structural data on the Ca 2ϩ -free and Ca 2ϩ -bound forms of both the wild-type and the truncated protein. Unfortunately, crystals of non-myristoylated recoverin are available only for the intermediate states with Ca 2ϩ bound to EF-hand 3. On the other hand, because of the lack of cooperativity in Ca 2ϩ binding to the nonmyristoylated variants, the C-terminal domains of our crystal structures with occupied EF-hand 3 should be representative of the respective Ca 2ϩ -saturated forms, irrespective of the myristoylation state. We confirmed this (22) for wild-type recoverin and for a mutant with a disabled EF-hand 2 (E85Q), for which solution structures are available (15, 20) , so it is likely to hold for Rc as well. In the x-ray structure of the wild-type, the C-terminal ␣-helix (alternatively designated helix K) contacts and stabilizes the loop connecting EF-hands 3 and 4. This is accomplished by hydrophobic contacts (Val 193 137 . Interestingly, the remaining four lysine side chains in the C-terminal segment form contacts with acidic residues neighboring in sequence but do not interact with other parts of the protein.
The loop immediately preceding the C-terminal helix (residues 186 -190) is of particular interest with respect to the truncation. While constituting the new C terminus in the Rc mutant, this segment still adopts a central position in the molecule and contributes to the hydrophobic core (Fig. 6) and Phe 172 from the entering and exiting helices, respectively, of EFhand 4. The B factor plot in Fig. 5 reveals strongly increased flexibility at the C terminus of the Rc mutant. Because of the hydrophobic network outlined above, elevated thermal motion should also be noticeable in other parts of the C-terminal domain. Indeed, the ratio of average main chain B factors of the N-terminal (residues 9 -94) and C-terminal domains (residues 102-190) is reversed in the mutant (0.79) with respect to wild-type recoverin (1.25), indicating that the truncation induces a general increase in conformational mobility throughout the C-terminal domain of recoverin.
How do these structural alterations relate to the changes in Ca 2ϩ affinity observed for the Rc 2-190 mutant? Ca 2ϩ binding to EF-hand structures is known to be associated with characteristic conformational changes. These are not confined to the dodecamer loop containing the ion-coordinating residues but also involve the adjacent helices, which perform a combination of rotation, translation, and tilting motions (31) . Moreover, we have recently presented experimental evidence that EF-hands 3 and 4 of recoverin are conformationally coupled to one another (32) . The molecular mechanics of this complex structural transition are closely related to the difference in free energy between the Ca 2ϩ -free and Ca 2ϩ -bound states, which ultimately determines the apparent Ca 2ϩ affinity of the molecule. Although definition of a precise chain of cause and effect is not warranted by our data, the observation of increased thermal mobility in the C-terminal domain suggests that, in addition to changes in the average structure, the truncation alters the conformational dynamics of the protein. We speculate that this will interfere with the coordinated movements of the EFhand helices associated with Ca 2ϩ binding (see above) and thus impair Ca 2ϩ binding itself. We therefore propose a novel role for the C-terminal helical segment of recoverin as a built-in affinity modulator. 5 This 5 In the case of recoverin, there is currently no experimental evidence for a regulatory mechanism targeting the C-terminal segment in vivo, although its intrinsic mobility would be compatible with such a function (see below). The term "affinity modulator" therefore refers to the truncated mutant and to related proteins lacking this part of the structure. function involves interference with conformational changes associated with Ca 2ϩ binding rather than influence on the coordination sites themselves, and in this respect resembles the role of the N-terminal myristoyl moiety. However, we note several important differences: First, the two effectors, the myristoyl group and the C-terminal helical segment, primarily act on different domains of the protein. Second, the myristoyl chain stablizes the T-state of recoverin, whereas the C-terminal helix increases the R-state probability. And finally, induction of cooperativity of Ca 2ϩ binding is a unique property of the N-terminal acylation.
The physiological role of recoverin as a Ca 2ϩ -dependent regulator of rhodopsin kinase has been extensively discussed in previous publications (Refs. 8 and 9 and references therein). While there is a general agreement that recoverin regulates the activity of rhodopsin kinase in vitro, the main argument against an in vivo operation on rhodopsin kinase activity comes from the mismatch of the Ca 2ϩ dependence of rhodopsin kinase inhibition (Fig. 3 ) and the change in cytoplasmic Ca 2ϩ from 250 nM in darkness to 20 nM after illumination observed for example in mice rods (33) . However, Klenchin et al. (34) showed that the Ca 2ϩ -dependent regulation of rhodopsin kinase is shifted into the physiological range, when the in vitro data are extrapolated to the in vivo conditions by a mass action calculation. In addition, recoverin-deficient mice exhibit a shortened photoresponse, which is consistent with an action of recoverin on rhodopsin kinase activity (35) . Finally, we recently showed that recoverin is present in detergent resistant membranes even in the absence of Ca 2ϩ . The high cholesterol content of these membranes facilitates membrane binding of recoverin and can shift its Ca 2ϩ -dependent properties to lower free Ca 2ϩ concentration, i.e. into the physiologically relevant range (36) . Thus, cholesterol appears as an additional external modulator of Ca 2ϩ sensitivity. Notably, recent publications indicate that recoverin might have additional functions: for instance, it undergoes a light-dependent intracellular translocation to rod synaptic terminals (37) and enhances the signal transfer between rods and rod bipolar cells in mouse retina by an unknown mechanism (38) .
Three-dimensional structures are available for several members of the neuronal calcium sensor family. In addition to recoverin, these include NMR structures of yeast frequenin (39) and bovine GCAP-2 (40) as well as crystal structures of human NCS-1 (41), bovine neurocalcin ␦ (42), and human potassium channel interacting protein (KChIP)-1 (43) . Among these structures, the C-terminal ␣-helix has been observed exclusively in the crystal structures of recoverin, whereas in other cases this segment was either disordered or even absent in the primary sequence. The latter is exemplified by frequenin (NCS-1), which consists of only 190 amino acids and may be regarded as a naturally occurring analog of our truncated Rc mutant.
Helical extensions C-terminal to EF-hand 4 have also been observed in the structures of related EF-hand proteins not belonging to the NCS family, such as human calcineurin (CN) B (44) and calcineurin B-like protein (CBL) 2 from A. thaliana (45) . In the CNA-CNB complex, an ␣-helix of CNA is bound in a large hydrophobic crevice extending over both domains of CNB. Exposure of hydrophobic residues upon Ca 2ϩ binding is a common feature of EF-hand motifs and results from the "opening" movement of the helix pair, the extent of which varies considerably between individual proteins. In the CNB and CBL2 structures, the hydrophobic patch exposed on the C-terminal domain is shielded by helices J and (in the case of CBL2) K, but in the CNB-CNA complex this segment is displaced by the interacting CNA helix (44) . A similar mechanism has been suggested for the interaction of CBL2 with its target CIPK (CBL-interacting protein kinase), which is mediated by a hydrophobic stretch in the CIKP sequence (45) .
Based on biochemical and molecular biological data, NCS proteins are generally believed to interact with their targets via an apolar surface on the N-terminal domain, whereas the analogous hydrophobic patch on the C-terminal domain is largely covered by helix J. An exception is found in the crystal structure of human NCS-1 (41) which displays an extended hydrophobic groove because of a lateral displacement of helix J. By contrast, in the solution structure of its yeast homolog frequenin, helix J is found in the canonical position. This discrepancy is likely to indicate a conformational transition intrinsic to this protein, with the NMR data representing the predominant conformation in solution and the x-ray structure containing a conformer most favored by crystal packing interactions. While the significance of this observation for NCS-1 function is presently unclear, the striking similarity with the conformational switch in CNB suggests that this mechanism of target recognition might be an ancient feature of EF-hand proteins. As a result of the intriguing competition between intramolecular and intermolecular interactions, the hydrophobic surface, which might destabilize the protein when solvent-exposed, would be uncovered only if demanded by the binding partner.
Because other NCS proteins probably have evolved from a frequenin-like ancestor, we speculate that they might have retained some aspects of this mechanism of target interaction. In addition to rhodopsin kinase, Ca 2ϩ -loaded recoverin, for instance, may bind other proteins at the disc membrane or in the cytoplasm of the photoreceptor, possibly involving interaction sites on the C-terminal domain.
Our results tackle a fundamental problem in understanding the molecular basis of NCS protein function, i.e. how to explain the enormous functional diversity of NCS proteins (including different Ca 2ϩ sensitivities) in light of the striking similarities in their three-dimensional structures. Here we show how finetuning of crucial regulatory properties can be achieved by a short polypeptide segment. During evolution, certain subclasses of NCS proteins may have faced the need to modify, or possibly disable, the ancient mechanism of target recognition via the C-terminal domain. We propose that distinctive structural features like the terminal helix K in recoverin may have played an important role in the process of diversification of NCS proteins, since they can serve to modify both the Ca 
